Objective To describe the long-term clinical follow-up in 3 siblings with Carey-Fineman-Ziter syndrome (CFZS), a form of congenital myopathy with a novel mutation in the myomaker gene (MYMK).
Carey-Fineman-Ziter syndrome (CFZS, MIM 254940) is an autosomal recessive inherited disorder. Clinically, patients are described as having nonprogressive congenital myopathy with marked facial weakness, together with other clinical attributes such as Moebius and Pierre Robin sequence, facial abnormalities, and growth delay. Recently, autosomal recessive mutations in the gene myomaker (MYMK/TMEM8C) were found to be associated with CFZS. 1 MYMK is a plasma transmembrane protein and is necessary for the fusion of mononuclear myoblasts to multinucleate myocytes in the skeletal muscle. [2] [3] [4] [5] [6] In this article, we describe a family with 3 siblings affected with CFZS due to biallelic mutations in MYMK.
Methods

Patients
This Swedish family had 3 affected children with healthy unrelated parents (figure 1L). A summary of results from the clinical investigations is given in table. All siblings presented at birth with hypotonia and feeding difficulties. They started to walk at around 15 months of age, but they used the Gower maneuver to come to an upright position. Individual II:1 was operated for cryptorchidism at 6 weeks of age. All siblings had Achilles tendon contractures, but only individual II:1 had been operated with lengthening of both Achilles tendons at the age of 9 years. They were hypermobile in most joints, including the elbows. All used glasses, individual II:1 since 13 years of age due to hyperopia, II:2 since 6 years of age, and II.3 since 26 years of age due to myopia. Individual II.2 had a hearing impairment involving low-frequency tones and started to use a hearing aid at 9 years of age. All had normal cognitive function.
At the time of genetic diagnosis in 2017, they all exhibited severe facial weakness together with dysmorphic features (figure 1A-K and M, table). They showed slight bilateral ptosis, individual II:1 had slight limitation of eye abduction, and individuals II:1 and II: 2 had a slight defect in elevation of the eyes. Individual II:3 had a bifid uvula and an exostosis in the midline of the palate.
Standard protocol approvals, registrations, and patient consents
The study complied with the Declaration of Helsinki, and informed consent was obtained from the patients.
Morphological analysis
Open skeletal muscle biopsies from the vastus lateralis of the quadriceps muscle were performed. Specimens were snap-frozen in liquid propane chilled with liquid nitrogen for cryostat sectioning and histochemistry. 7 Morphometric analyses of type 1 and type 2 muscle fibers were performed on adenosine triphosphatase-stained sections (pH 9.4).
Molecular genetic analysis
Whole-genome sequencing was performed on genomic DNA from individual II:2 using the TruSeq PCR free library preparation kit, and the Illumina HiSeq X platform was used for sequencing (Illumina, San Diego, CA). The paired-end reads were aligned to the reference genome (hg19) using the CLC Biomedical Genomics workbench (Qiagen, Hilden, Germany). Data were analyzed using Ingenuity Variant Analysis (ingenuity.com/products/variant-analysis) (Qiagen). We performed a search for compound heterozygous or homozygous variants that were predicted to be damaging using SIFT (sorting intolerant from tolerant algorithm), Mutation Taster, and PolyPhen2, analyzing whether the variants affected conserved amino acids and whether they are uncommon in the population (using 1000 Genomes [1000genomes. 
Results
Morphological analysis
Muscle biopsy at the ages of 4.4 years and 6.3 years in individual II:1 and at the ages of 11 months and 18 years in individual II:2 showed (on all occasions) marked hypertrophy of both type 1 and type 2 fibers ( figure 2, A-C) . The median muscle fiber diameter was more than twice as large as in agematched controls ( figure 2D ). A few internalized nuclei were observed in individual II:2 at 18 years of age, and at that age, there were also some irregularities in the intermyofibrillar network as revealed by Nicotinamide adenine dinucleotide (NADH)-tetrazolium reductase staining (figure 2, B-C). There was no increase in interstitial connective tissue, and no necrotic or regenerating muscle fibers were observed. 
3). (B) Muscle fiber hypertrophy and some internalized nuclei (hematoxylin and eosin). (C) Muscle fiber hypertrophy and patchy irregularities of the intermyofibrillar network (NADH-tetrazolium reductase). (D)
Results from morphometric analysis. The lesser inner diameters (micrometers) of type 1 and type 2 fibers of 100 adjacent muscle fibers were measured in 4 different muscle biopsies from individuals II:1 and II:2 at different ages. Measurement of the lesser inner diameter avoids the risk of errors caused by oblique sections and was also used in the previously published measurements on controls that were used as references in this study. 7 The results are given as medians, quartiles, and range. The median is at the border between the red and green boxes. The top of the green box is the 75th percentile of the sample, and the bottom of the red box is the 25th percentile. Normal mean diameters in age-matched controls are indicated with asterisks. Child controls included both males and females, and adult controls included females only. 1 = type 1 fibers; 2 = type 2 fibers.
Molecular genetic analysis
Individuals II:1, II:2, and II:3 were all biallelic for 2 missense mutations in the MYMK gene (TMEM8C) (figure 3C). One was a missense mutation (c.235T>C; p.(Trp79Arg)) not previously described. The second mutation was a previously described missense mutation (c.271C>A; p.(Pro91Thr)) associated with CFZS ( figure  3, A-D) . 1 Other candidate genes associated with myopathies according to the NMD Gene Table 2017 (musclegenetable.fr/) were excluded. 8 Sanger sequencing confirmed both mutations in all 3 siblings, and the mother was a heterozygous carrier of the mutation c.271C>A; p.(Pro91Thr).
Discussion
Here, we have described 3 siblings with CFZS due to biallelic missense mutations in MYMK, adding to the recent description of 8 individuals with MYMK mutations.
1
Our cases show the same clinical spectrum of muscle weakness, where profound facial muscle weakness is the clinical hallmark of the disease. Severe neck flexor weakness, short stature, small hands and feet, and hyperlaxity of most joints in combination with distal contractures are additional clues to the correct diagnosis. Restrictive lung disease was described in the previous series of patients, and in 2 of our patients, a limitation in forced vital capacity was found, but to date, none of them have shown any clinical symptoms of hypoventilation. One of our patients had hearing impairment, which has also been described previously in CFZS. 9 All siblings in this report were biallelic for MYMK missense mutations: p.(Pro91Thr) and p.(Trp79Arg). The p.(Pro91Thr) mutation has been identified in 4 of 5 apparently unrelated families already described. 1 This mutation has also been identified in 328 of 276,516 alleles, but only in heterozygous individuals in the gnomAD database. The second mutation, p.(Trp79Arg), was not present in gnomAD, is predicted by in silico programs to be deleterious, and alters a phylogenetically highly conserved residue.
Our patients had had muscle hypotonia and weakness since early childhood and had been considered to have a congenital myopathy. The 4 muscle biopsies performed in 2 of the individuals at various ages, with the earliest biopsy performed at 11 months of age and the latest at 18 years, revealed a remarkable hypertrophy of both type 1 and type 2 muscle fibers as the only important pathology at all time points. Results from 1 muscle biopsy in a previous report demonstrated marked muscle fiber hypertrophy, but mainly affecting the type 2 fibers.
1 This marked hypertrophy without any apparent increase in muscle bulk indicates a reduction in the number of muscle fibers to approximately one quarter of normal in our patients. One may postulate that muscle fiber hypertrophy, also seen in other neuromuscular diseases such as spinal muscular atrophy, 10 compensates for the loss of functioning muscle fibers. At present, the markedly reduced number of muscle fibers seen in our CFZS patients from early childhood onward remains unexplained. However, as MYMK is essential for the fusion of mononuclear myoblasts to multinucleate myocytes during embryonic muscle development, 4, 11 one may speculate that a reduced MYMK function due to mutations in MYMK may play a role. Newborn MYMK −/− mice have profound muscle weakness, lack multinucleated muscle fibers, and die before postnatal day 7, suggesting that the lack of MYMK is incompatible with life. 4 This suggests that the mutations identified in patients with CFZS in humans give rise to partially functioning MYMK protein, which has also been supported by functional studies. 1 The p.(Pro91Thr) mutation has some residual function and is therefore compatible with life in combination with null alleles. 1 The individuals described in this report carry the p.(Pro91Thr) mutation on 1 allele, and most likely, the combination with the mutation on the other allele, p.(Trp79Arg), leads to a severely reduced function of the MYMK protein.
Our study provides additional evidence for the association between CFZS and MYMK mutation. The marked muscle fiber hypertrophy despite the normal or reduced muscle bulk identified from early childhood indicates that defective fusion of myoblasts during embryonic muscle development results in reduced numbers of muscle fibers, with consequent hypertrophy and muscle weakness.
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